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Abstract 
A Japanese national project, called “Materials & Power applications of Coated Conductors (M-PACC)”, started in FY2008. In 
this project, we are developing 66 kV/5 kA large current high temperature superconducting (HTS) cable and 275 kV/3 kA high 
voltage HTS cable using REBCO tapes. These HTS cables are expected as a compact size with large capacity and low loss power 
transmission. We have examined AC loss, thermal characteristics of the cables under over-current, the optimum cable design and so 
on. After the design studies and elemental tests are completed, long cable systems will be built for verification purposes. This paper 
described the overview and current status of these HTS cables development in the M-PACC project.  (PACS: 84.71.Fk) 
 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes. 
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1. Introduction 
HTS power cables are compact and have a large power capacity with instantaneous supply. In addition, they make it 
not only possible to reduce power transmission losses significantly but also to alleviate global environmental problems 
and allow more efficient use of energy resources. In the future, it is supposed that these cables will be installed in 
power grid for replacing existing power cables. A large current cable (LC cable) with 66 kV/5 kA and a high voltage 
cable (HV cable) with 275 kV/3 kA shown in Fig.1 are being developed in the M-PACC project from 2008 [1]. These 
cables have large capacity that represents the largest current and highest voltage of HTS cables under development in 
the world. The targets specifications of the LC cable and HV cable are shown in table 1. During the first three years, 
the elemental technologies of the each cable system were developed. In the latter two years, a 15 m-long LC cable 
system and 30 m-long HV cable system will be constructed to verify that it meets the required specifications. An 
overview and the development progress concerning these cables by FY2010 are presented in the following sections. 
Fig. 1. (a)Structure of the REBCO tape and the LC cable; (b) Structure of the REBCO tape and the HV cable 
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Table.1. Target specifications of LC cable and HV cable 
 
2. Development of the 66 kV/5 kA LC cable 
The structure and target specifications of the LC cable were shown in Fig.1(a) and table1, respectively. The 
fabricating technologies and the REBCO tape for this cable were developed by Sumitomo Electric [2]. The REBCO 
tape was composed of a 120-Pm-thick new type of textured metal substrate (Clad-type) and a GdBa2Cu3Cux 
superconductive layer that was deposited by pulse laser deposition (PLD) method. A 30-mm wide tape was cut into 4-
mm wide, and each tape was coated with 20-Pm-thick copper (Cu) by electroplating.  
 2.1. AC loss reduction 
The AC loss in a HTS conductor composed of REBCO tapes can be reduced by making the magnetic flux density 
component perpendicular to the wide face of tapes small with using narrow tapes, making the gaps between the tapes 
small and restricting critical current density (Jc) degradation near the both edges of tape at the cutting parts [3]. To 
evaluate the AC loss in designed multi-layer cable, the model cable whose specification was listed in table 2 was 
manufactured with the 4-mm-wide tape. The critical current (Ic) average of used tapes was approximately 120 A at 
77.3 K. The AC loss in the model cable was evaluated at various temperatures shown in Fig 2(a). The measured AC 
loss at 5 kArms was 1.8 W/m-phase at 63.8 K. It was confirmed to achieve the AC loss target. As shown in Fig 2.(b), 
the measured AC losses per cycle normalized by Ic2 at each temperature agreed with the calculated by numerical 
analysis taking into account the 0.3mm shoulders, where Jc ts degrades near the both edges of tape shown in Fig 2.(c). 
In Fig 2(b), (c) Ip was peak value of the alternating transport current and ts was thickness of the superconductive layer. 
That meant the AC loss of designed HTS cable was estimated by numerical analysis reliably. 
 Table.2. Specifications of the model cable for the AC loss measurement 
 
  
 
Fig. 2. (a) Measured AC loss in the model cable; (b) Normalized AC loss in the model cable; (c) Lateral Jc ts distribution of 
REBCO tape for numerical analysis 
2.2. Protection against over current 
The cable has to survive at fault accidents, so it is necessary to limit the temperature rise by a fault current to small 
enough to avoid the degradation of the HTS cable. A simulation study was performed to optimize the design of the 
Item LC cable HV cable 
Voltage/Current 66 kV/5 kA (570 MVA) 275 kV/3 kA  (1420 MVA) 
Structure 
Three-cores in one pipe, 15 m in length with 
terminal 
Single core in one pipe, 30 m in length with terminal and 
joint 
Cable loss 
2.1 W/m-phase @ 5 kA (AC loss: 2.0 W/m-phase, 
Dielectric loss: 0.1 W/m-phase) 
0.8 W/m-phase @ 3 kA 
Cable outer diameter Designed cable can be installed in 150 mm conduits < 150 mmȭ 
Withstanding over current 31.5 kA, 2 sec 63 kA, 0.6 sec 
Item Specifications 
Former Cu stranded conductor, Outer diameter 21 mm 
HTS conductor 4 layers, 4 mm width, Clad-PLD, 59 tapes,  Ic = 120-140 A @77.3K, self-field 
HTS shield 2 layers, 4 mm width, Clad-PLD, 50 tapes,  Ic= 120 A @77.3K, self-field 
Outer diameter 140 mm 
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Cu protective layers, taking into account the required size restriction [4]. Based on the simulation findings, a Cu 
stranded former of 140 mm2 was adopted for the HTS conductor, and a Cu shield layer with a total cross-sectional 
area of 100 mm2 was added for the HTS shield. Using this design, test model cables were prepared to conduct a over 
current test (max. 31.5 kArms, 2 sec). The specification and configuration of the model cables for over current test 
were shown in table.3 and Fig 3(a), respectively. The temperature rise (ΔT) for the HTS conductor layer and HTS 
shield layer under 31.5 kArms for 2 sec were 100 K and 120 K, respectively. These results were within the expected 
range from the simulation results, as shown in Fig 3(b). Furthermore, Ic characteristics showed no deterioration in the 
model cables after the tests. We confirmed that the model cables demonstrated endurance for over current. 
Table.3. Specifications of the model cable for over current test 
 
 
 
Fig. 3 (a) Configuration of the model cables for the over current test; (b) Comparison between measured (dots) and calculated 
(lines) ΔT when the over current of 31.5 kArms was applied 
2.3. Development of large current termination 
A termination as EBA (End Box in Air) connects HTS cable cores with room temperature actual power grids in 
liquid nitrogen (LN2) vessel. According to the simulation results, Cu stranded current lead which had the cross-
sectional area of 3500 mm2 was adopted to 5 kArms-class terminations. The two current leads were inserted into 66 kV-
class bushings, respectively, and set in the LN2 vessel as shown in Fig 4(a). The both ends of the current leads were 
connected each other in the vessel, and the current was loaded to twocurrent leads. Thermocouples were attached to 
the three points of each current lead to measure the temperature rises. Fig 4(b) shows the results of temperature 
changes at the load current of 5 kArms. The thermal loss was determined to be 466 W at 5 kArms by measuring the 
amount of the evaporated nitrogen gas from the vessel, and it consisted with the simulation results. It was confirmed 
that the developed current lead has enough current capacity for 5 kArms loading.  
 
  
Fig. 4. (a) Configuration of the current loading test of the terminal current leads.; (b)Continuous 5 kArms current loading test of the 
terminal current leads 
2.4. Trial manufacturing of 3 core cable 
A 10 m-long 3-core model cable was experimentally manufactured under the same conditions to those for actual 
Item Specifications 
Former Cu stranded (140 mm2) 
HTS conductor 4 layers, 4mm- width, Clad-PLD, 51 tapes. Ic = 3270 A  @ 77.3 K   
Electrical insulation Thickness: 6 mm 
HTS shield 2 layers, 4mm- width, Clad-PLD, 45 tapes. Ic = 3650 A @77.3 K 
Cu shield 4 layers, Cu tape (100 mm2) 
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products in order to check the mechanical soundness in the manufacturing process and to conduct the bending and 
tensile tests. A bending test was performed using a 6 m-long 3-core model cable. The model cable had no Ic 
degradation at the bending test with the bending diameter of 2.4 m, which was smaller than the shipping test condition 
of 2.6 m (2.6 m = 18 D, D: cable diameter). When cooled from room temperature to the LN2 temperature, the 
longitudinal shrink of the HTS cables is approximately 0.3%. In the condition of the both ends were fixed, the 
measured tensile force caused by 0.3 % thermal contraction for the 3-core model cable was approximately 3,000 kgf. 
The model cable also had no Ic degradation in the condition of up to 0.35 % tensile strain in LN2. According to these 
mechanical tests, it was confirmed that the model cable has been designed to meet the required specifications. This 
value was fed back to the design of the cable terminations.  
3. Development of the 275 kV/3 kA HV cable  
The structure and target specifications of the HV cable were shown in Fig.1(b) and table1, respectively. The 
fabricating technologies for this cable were developed by Furukawa Electric [5,6]. The REBCO tape for this cable was 
constructed of an ion-beam-assisted deposition (IBAD) substrate made by Fujikura and a YBCO superconductive 
layer made by SWCC Showa Cable Systems using the metal organic deposition (MOD) process including 
trifluoroacetates (TFA). Furukawa Electric covered electroplated tapes with Cu. 
3.1. AC loss reduction 
A 5-mm wide REBCO tape used in HV cable was cut into 3-mm wide by the fiber laser for removing the Jc 
degradation near the both edges of the tape where increased AC loss characteristics in the cable. The HTS conductor 
was fabricated using those 3-mm wide tapes and the AC loss of this conductor was measured. The specifications of the 
conductor were listed in table.4. The Ic of the conductor was 6270 A at 77.3 K, and 9020 A at 73.7 K, respectively. 
The AC loss at 3 kArms was 0.124 W/m-phase at 73.7 K as shown in Fig 5(a). The AC loss of the conductor was 
calculated by numerical analysis taking into account the shoulders which were 0.1 mm and 0.27 mm shown in Fig 5(b). 
The calculated AC loss was shown in Fig 5(a), and nearly corresponds with the measured losses. It was cleared that 
restricting degradation of the Jc ts at the cutting part of the tape can lead reduction of the AC loss.  
Table.4. Specifications of the conductor for AC loss measurement. 
Item Specifications 
Former Cu stranded conductor, Outer diameter 23.7 mm 
HTS conductor  2 layers, 3mm- width, IBAD-MOD, 61 tapes, Ic = 6270 A @ 77.3 K 
Fig.5.(a) Measured and calculated AC loss in the conductor; (b) Lateral Jc ts distributions of REBCO tapes for numerical analysis 
3.2. Protection against over current 
Table 5 shows the specifications of the model cable for over-current tests. Cu former and Cu shield played a role in 
over-current protection. The Ic of the HTS conductor and HTS shield were 4370 A and 6340 A at 77.3 K, respectively, 
which agreed with the sum of Ic of all REBCO tapes used in this model cable. Film Pt thermometers were set at the 
HTS cable on the Cu former, on the HTS conductor, and on the HTS shield. The two HTS model cables whose length 
was 2-m were placed parallel to each other as shown in Fig 6(a). The generator and the two conductors formed a 
closed circuit, and the two shields formed a closed circuit with an induced current flow. Fig 6(b) shows the ΔT against 
the duration time of 63 kArms. The ΔT was proportional to the duration time in Fig 6(b). The largest ΔT for the HTS 
conductor was about 70 K, which agreed well with the calculated results using the 3D finite element method [7] to 
clarify the electro-magnetic and thermal behavior of the HTS cable. After the over current test, the Ic in HTS 
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conductor and HTS shield showed no degradation. We confirmed that the HTS model cable was demonstrated 
endurance for over current. 
Table.5. Specifications of the model cable for over current test 
Item Specifications Diameter(mm) 
Former Cu stranded (325 mm2) 21.7 
HTS conductor 2 layers, 5mm- width IBAD-MOD, 28 tapes. Ic = 4370 A @ 77.3 K 26.8 
Electrical insulation Thickness: 24 mm 75.3 
HTS shield 1 layer, 5mm- width IBAD-MOD, 43 tapes. Ic = 6340 A @ 77.3 K 75.8 
Cu shield 3 layers, Cu tape (310 mm2) 82.2 
 
 
 
Fig. 6.(a) Configuration of the model cable for the over current test; (b)Comparison between measured (dots) and calculated (lines) 
increase in temperature when the over-current of 63.0 kArms was applied 
3.3. Electrical insulation for 275kV 
The electric insulation of the cable was designed in consideration of AC withstand voltage, impulse withstand 
voltage, partial discharge inception stress (PDIE), V-t characteristics, and low dielectric loss. The three type model 
cables that had three different insulation thickness from 1 mm to 20 mm were fabricated to measure PDIE. The model 
cable used the LN2/polypropylene laminated paper (PPL-paper) composite insulation system, because PPL paper had 
good withstand voltage properties and the low dielectric tangent. PDIE had a constant value that was not dependent on 
the thickness of the electrical insulation. The design stress of the 22 kVrms/mm value was chosen from the PDIE 
measurement using the following procedure. All data were plotted on a Weibull probability chart, and the PDIE of 
0.1% partial discharge (PD) probability was obtained from the Weibull probability shown in Fig 7(a). Impulse design 
stress were also obtained from the Weibull probability shown in Fig 7(b). From the procedures, impulse design stress 
was 83 kV/mm from the 0.1% probability. In the cable design, the required test voltages applied to the cable in tests, 
such as the type test, were set below; the cable was PD free at AC 310 kV and designed to withstand an impulse 
voltage of 1155 kV and an AC voltage of 400 kV, which were determined on the basis of the IEC and JEC Japanese 
cable standards. It was confirmed that the dielectric loss of the 275 kV cable was derived as 0.60 W/m from 
measurement values of permittivity H  and dielectric dissipation factor tan G. The total loss of the dielectric loss and the 
AC loss of the conductor at 3kArms loading was achieved to the target which was 0.8 W/m-phase. We carried out the 
V-t test under AC voltage using 1 mm model cable. The n-value of the V-t characteristics concerning breakdown stress 
was obtained as shown in Fig 7(c). 
 
Fig. 7.(a) Cumulative probability of PD initial electrical stress of the model cables; (b) Cumulative probability of impulse 
breakdown stress of the model cables;(c) V-t characteristics of AC breakdown stress. 
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3.4. Development of high voltage termination 
Termination as EBA is needed for flowing electrical power to a cold HTS cable. Moreover, the EBA had to be 
developed in order to conduct voltage tests on the HTS cable. The required voltage specifications are AC 400 kV and 
impulse voltage of 1155 kV, the same as the HTS cable. The 275 kV EBA was fabricated using FRP bushings for 
electrical and thermal insulation between the cable core and parts with room temperature and earth grounding. A 
polymer insulator was used to attain a lighter and shorter EBA in total hight. Tests of the EBA, such as the AC 
withstand test, impulse withstand test, and PD test, were carried out in a configuration connecting the EBA and the 5 
m HTS cable. The configuration cleared the required test voltages such as AC 400 kV for 30 min and plus-minus 1155 
kV impulse for 3 shots, and achieved PD free in the 310 kV PD test. 
4. HTS cables system verifications 
After the design studies and elemental tests were completed for each component of the cable system. The 15 m long 
LC cable system and 30 m-long HV cable system will be built for verification purposes. Fig 8 and table 6 shows the 
configuration and specification of the each system of the verification test, respectively.  
 
  
 
 
 
 
 
 
Fig.8. (a) 15 m-long LC cable system configuration (tentative); (b) 30 m-long HV cable system configuration (tentative) 
Table.6. Test specifications of 15 m-long LC cable system and 30 m-long HV cable system 
5. Summary 
The elemental technologies for the LC cable and HV cable were developed by FY2010 and verification testing of 
each cable system will be completed by FY2012. 
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Item 15 m-long LC cable system 30 m-long HV cable system 
Electrical test  
(including sample 
test) 
ὉIc measurement 
ὉPower frequency withstand voltage test: 
110 kV rms -10 min 
ὉImpulse test :Plus-minus 385 kV for 3 shots, etc 
ὉIc
 
measurement 
ὉPower frequency withstand voltage test:310 kV rms -10 min PD free 
(Reference IEC62067≝320 kV rms -15 min and 400 kV rms -30 min≌ 
ὉImpulse test :Plus-minus 1155 kV for 3 shots, etc 
Thermal tests ὉAC loss measurement at 5 kArms loading by Calorimetric Method, etc 
ὉAC loss measurement at 3 kArms
 
 loading by Calorimetric Method, 
etc 
Long term 
operation test 
Ὁ51 kV rms ˄to the grand㸧 
Ὁ5 kA rms;8 hours-on/16 hours-off 
Ὁ200 kV rms˄to the grand˅  
Ὁ3 kArms ;8 hours-on/16 hours-off 
Cooling capacity Ὁ3.5 kW@65 K Ὁ3 kW@70 K 
